Pancreatic ductal adenocarcinoma is the 10th most common cancer and the fourth leading cause of cancer-related death in the United States. Despite great effort, the prognosis for patients with this disease remains dismal with a 5-year survival rate of just 4% to 6%. Although several important advances have improved our understanding of the underlying biology of pancreatic cancer, this knowledge has not translated into novel therapeutic approaches and effective systemic or targeted therapies. Pancreatic cancer is one of the malignancies most difficult to treat, with remarkable intrinsic resistance to both standard and targeted chemotherapy as well as ionizing radiation. Surgical intervention remains the only potentially curative approach. However, most patients present with inoperable and/or metastatic disease and are therefore excluded from surgery. Accordingly, new therapeutic options are desperately needed. In vivo models to study innovative and alternative treatment approaches are of major importance. A variety of genetically engineered mouse models of pancreatic cancer have been developed over the last decade. However, these models display different characteristics, and not all of them are suited for preclinical studies. In this review, we aim to review the mouse models available, their experimental use, their clinical relevance and limitations, and future directions.
I n 2012, an estimated 43,920 people will be diagnosed with pancreatic ductal adenocarcinoma (PDAC) in the United States, and 33,790 people will succumb to the disease. Seventyfive percent of patients die within 1 year of their diagnosis and the 5-year survival rate of 4% to 6% has remained unchanged for the last 4 decades. 1, 2 In recent years, significant progress has been made in understanding the biology of pancreatic cancer. In contrast to many epithelial malignancies, PDAC is distinguished by 4 genes that are altered in a very high fraction of patients: the K-ras proto-oncogene is mutationally activated in greater than 90% of cases, whereas the tumor suppressors CDKN2A, p53, and DPC4/SMAD4 are altered in greater than 95%, 50% to 75%, and 55% of cases, respectively. Several types of precursor lesions have been identified that can lead to PDAC, including pancreatic intraepithelial neoplasias (PanINs), intraductal papillary mucinous neoplasias (IPMNs), and mucinous cystic neoplasia (MCNs). Pancreatic intraepithelial neoplasias in particular are characterized by a stepwise acquisition of mutations from low-grade dysplasia (PanIN 1Y2) to carcinoma in situ (PanIN 3). 3, 4 Given the frequency of K-ras mutations in PDAC and their presence in the earliest PanIN lesions, activation of oncogenic K-ras signaling has been proposed to be the primary initiating event in pancreatic carcinogenesis.
Layered on top of this framework of 4 high-penetrance genetic alterations is a stunning background of low-penetrance mutations that are now known to occur, in some combination, in nearly all pancreatic tumors. In a milestone Science article published in 2008, Jones et al 3 used high-throughput sequencing, gene expression, and copy number analysis techniques to define the genetic landscape of ductal pancreatic cancers. Although no new high-penetrance genes were identified, this study was important for its detection of more than 1000 total somatic mutations, with each tumor averaging more than 60 mutations attributable to 12 core-signaling pathways in PDAC. 3 This complexity highlights the need for carefully tailored approaches to the treatment of individual patients, while also emphasizing the importance of tackling the core pathways that define this disease.
Another hallmark of PDAC is a profound fibrous inflammatory reaction termed desmoplasia. This stromal component of the tumor can comprise up to 90% of the mass and includes fibroblasts, leukocytes, endothelial cells, and extracellular matrix proteins. Initially regarded as the body's response against the developing tumor, it is now widely accepted that desmoplasia is actively driven by signals from epithelial cells and plays a role in tumor development, progression, and chemotherapeutic resistance. 5 Although the recent development in our understanding of the underlying biology of PDAC has not yet led to improved patient care, this knowledge has been the foundation for the development of new genetically engineered mouse models (GEMMs) that have provided both further basic insights into the disease as well as several novel therapeutic approaches that are now being translated into the clinic. The goals of this review were to provide an overview of the common transgenic mouse models of pancreatic cancer, to discuss their specific use and limitations in basic and translational research, and to highlight unmet needs in the area of mouse models of PDAC.
MODELING THE BIOLOGY OF PANCREATIC CANCER IN MICE
Although different genetic and chemical approaches to generate pancreatic cancer in mice and other rodents date back to the early 1980s, 6Y8 it was the generation of the K-ras LSL.G12D mouse 9, 10 in 2001 that allowed tissue-specific expression of mutant K-ras under physiologic control from the endogenous mouse locus. The backbone of this mouse is a targeting construct containing a transcriptional and translational silencing cassette (STOP) flanked by 2 loxP sites, residing upstream of exon 1 in the K-ras gene. This ''LSL cassette'' prevents expression of the allele, which also contains an additional G-A transition that yields a glycine to aspartic acid substitution in codon 12, the most commonly mutated residue K-ras in human PDAC. This mutation alters the intrinsic GTPase activity of K-ras, 11Y13 as well as its affinity for GAPs, locking the protein into the active, GTP-bound configuration. 14 Expression of the bacterial recombinase cre results in removal of the LSL cassette, expression of mutant K-ras G12D from its endogenous locus, and thereby activation of the Ras pathway.
In 2003, the groups of David Tuveson and Ronald DePinho each took advantage of the K-ras LSL.G12D mouse to generate new models of PDAC that recapitulate the stepwise development of cancer seen in humans. 15, 16 During development, all pancreatic cells are derived from panYpancreatic progenitors labeled by the transcription factors PDX and Ptf1a-p48 (p48). 17 By crossing Pdx-Cre 18, 19 or p48-Cre 20 mice to K-ras LSL.G12D mice, the authors targeted expression of K-ras G12D specifically to the pancreas. Surprisingly, the mice were born with normal pancreatic histology and architecture. An increased pancreatic mass at birth was the only difference between double transgenic mice and controls. However, by 8 weeks of age, the mice began to develop early PanIN (mPanIN 1A/B) lesions that slowly increased in both number and grade over the next 2 years. A subset of these mice developed PDAC, with a median overall survival of 14 months. 18 It is worth noting that the K-ras LSL.G12D/+ ; PdxCre model (now referred to as the KC model) developed a significant background tumor spectrum because of leakiness of the PdxCre allele in other tissues, most notably gastric papillomas and keratoacanthomas of the anal and oral mucosae. These background tumors are less common when the more specific p48-Cre allele is used.
The KC model provided proof that K-ras mutations are sufficient to initiate pancreatic cancer formation in mice. 18 In contrast, targeted conditional mutations in cdkn2A, 16 p53, 21 or SMAD4 22 did not lead to tumor or PanIN development in the context of PdxCre expression. Nonetheless, the long latency and infrequent progression to invasive cancer limited the utility of this KC model for preclinical applications. Thus, additional targeted mutations were crossed into the KC model. Aguirre et al 16 found that homozygous deletion of cdkn2a (which encodes the p16 Ink4a and p19 Arf tumor suppressors) in the context of K-ras mutation in the pancreas led to the rapid development of highly aggressive and metastatic ductal adenocarcinoma, causing 100% lethality at 11 weeks. These mice displayed clinical features of pancreatic cancer such as biliary obstruction, weight loss, and hemorrhagic ascites. Interestingly, the authors also observed the development of pancreatic tumors with sarcomatoid histology in mice with homozygous deletion of cdkn2a (K-ras LSL.G12D/+ ; cdkn2a lox/lox ; PdxCre). 16 Similarly, the conditional expression of the tumor-associated p53 R172H mutation also accelerated K-ras G12D pancreatic tumorigenesis. 18 Although born with histologically normal pancreata, K-ras LSL.G12D/+ , p53 R172H/+ , PdxCre mice (now referred to as KPC mice) developed PanIN lesions on an accelerated schedule and died of PDAC with a median survival of 5.5 months. Metastases were observed È80% of the animals, at the same sites seen in human PDAC patients (liver, lung, and peritoneum). Tumors arising in this model were found to have many of the immunohistochemical markers associated with human disease and bore evidence of widespread genomic alterations, a feature that was previously lacking in most GEMMs. Sarcomatoid pancreatic cancers were also occasionally observed in this model, although less frequently than in mice with homozygous deletion of cdkn2a. 21 Interestingly, subsequent reports of mice bearing a heterozygous p53 conditional knockout allele (K-ras LSL.G12D/+ , p53 Flox/+ , PdxCre) described reduced invasiveness and decreased metastasis and provided support for a ''gain of function'' effect conferred by the point-mutant p53 allele. 23, 24 Three models were reported that addressed the role of transforming growth factor A (TGF-A) pathway alterations in the context of K-ras G12D expression. Ijichi and colleagues 25 crossed the K-ras LSL.G12D model with a knockout of the TGF-A2 receptor (Tgfbr2), resulting in rapid onset of PanIN formation and progression to PDAC with a median survival of 8 weeks. Interestingly, the authors reported the absence of histological findings other than ductal adenocarcinoma in these mice. Although metastatic disease was difficult to assess because of their short overall survival, in rare cases older mice exhibited metastatic spread to typical sites. 25 Interestingly, pancreas-specific loss of SMAD4 in the context of K-ras G12D expression, a common combination in human PDAC, 1 did not recapitulate the knockout of Tgfbr2. Rather, these animals developed cystic tumors that progressed to invasive PDAC. The 2 groups that reported these mice respectively characterized their histology as gastric-type IPMNs (based on mucin expression) 22 or MCNs (based on the presence of progesterone receptorYpositive ''ovarian stroma''). 26 Although the clinical and histological appearance of the GEMMs described above closely resembles the human condition, the relevance of these models to human cancer is often questioned. Recently, Collisson et al 27 used next-generation transcriptional profiling of primary tumor samples and established cell lines to define 3 different subtypes of PDAC. Importantly, the authors found the same signatures in cell lines derived from different GEMMs of pancreatic cancer, validating these models in an unbiased way. These GEMMs now provide powerful tools to investigate the basic biology of pancreatic cancer and the role of specific genes in pancreatic cancer initiation, progression, and maintenance. Furthermore, numerous groups have begun to use these models in a preclinical setting for the purpose of advancing translation of novel therapies. The following sections demonstrate how GEMMs of PDAC have been used to address both basic and translational problems.
STUDYING GENE FUNCTION IN GEM MODELS OF PDAC
Much of the progress made in recent years in defining the role of specific genes in tumorigenesis has occurred because of the use of GEMMs. Table 1 provides a list of genetic combinations that have been reported to develop PDAC (or premalignancies) to date. Although the earliest efforts focused largely on the core pathways described above, recent efforts have focused on understanding the subtleties of K-ras signaling and on the search for critical pathways necessary for tumor maintenance that could be targeted therapeutically.
Fully understanding the function of mutant K-ras in PDAC remains a critical goal for the field. The K-ras LSL.G12D strain has been extensively utilized as the genetic backbone of studies into numerous aspects of the biology of pancreatic cancer. However, following Cre expression, this allele remains constitutively activated, limiting its utility for studying the role of mutant K-ras in tumor maintenance. Recently, 2 groups independently and elegantly addressed the issue of tumor maintenance using a tetracycline-inducible allele of mutant K-ras. After initiating K-ras G12D Ydriven tumorigenesis by treating the mice with doxycycline, both groups found that withdrawal of the drug (and therefore cessation of mutant K-ras expression) led to the regression of established pancreatic tumors. The acute loss of mutant K-ras quickly resulted in profound alterations in tumor cell metabolism and dramatic reorganization and involution of the desmoplastic stroma. 47, 48 Although these data emphatically confirm the premier role of K-ras in the biology of pancreatic cancer, efforts to directly target K-ras with therapeutics have not been successful to date. 49 Therefore, Ras effector pathways such as Raf-MEK-ERK and PI3K (phosphatidylinositol 3-OH kinase)YAKT have been investigated as potential surrogates that are more suitable for therapeutic intervention. Although GEMMs specifically investigating the RafYmitogen-activated protein kinase in pancreatic cancer have not been reported to date, there is growing evidence for a complex role of PI3K signaling in pancreatic cancer. For example, loss of PTEN in the pancreas results in metaplasia and expansion of centroacinar cells, with rare progression to malignancy. 50 Combining PTEN deletion with K-ras mutation leads to dramatic acceleration of tumorigenesis with a fully penetrant, highly aggressive phenotype. 37, 51, 52 Conversely, deletion of the Ras effector Rac from K-ras LSL.G12D/+ p48-Cre mice resulted in reduced PanIN formation and extended overall survival. 46 The function of a number of other individual genes has been studied in the context of K-ras G12D Yinduced tumorigenesis by crossing into the KC model (or a variant thereof ). This reverse genetics approach, although informative, is typically a slow process that requires foreknowledge of which genes are important to study. As an alternative approach, the laboratories of David Tuveson and Nancy Jenkins/Neil Copeland recently reported the use of transposon-mediated mutagenesis to carry out forward mutagenesis screens for genes that promote K-ras G12D Yinitiated pancreatic tumors. 39, 53 Both groups utilized the Sleeping Beauty transposon system, 54 a genetic tool that allows mobilization of transposable elements that can promote or interfere with gene expression following their (roughly) random integration within the genome. By crossing to KC 18 mice and analyzing the location, orientation, and frequency of transposon insertions in the resulting tumors, the 2 groups identified a large number of candidate genes that could promote tumor progression. Importantly, well-known pathways such as TGF-A and p16/CDKN2A were found to be affected, and there was a significant degree of overlap between the genes reported by both groups. Both teams identified genes involved in chromatin remodeling, including Usp9X, 39 as playing an important and previously unappreciated role in the pathogenesis of PDAC.
THE CELL OF ORIGIN IN PANCREATIC CANCER
The cell of origin in pancreatic cancer has been a point of considerable debate. 55 Although the histological appearance of pancreatic cancer suggests a ductal cell of origin, careful genetic studies have shown that a variety of different pancreatic cell types may undergo malignant transformation under different experimental conditions. 55 Accordingly, a range of different cell types have been proposed as putative pancreatic progenitor and cancerinitiating cells, including preexisting acinar cells, preexisting A cells, pancreatic ductal cells, and cells expressing the mesenchymal marker nestin. 56, 57 Classic mouse models of pancreatic cancer depend on the expression of oncogenes and loss of tumor suppressors in pan-pancreatic progenitor cells during embryonic development and are therefore unsuitable for investigations into the cell of origin. The first evidence for a nonductal origin of pancreatic cancer was provided by Guerra and colleagues using a K-ras G12V Ydriven model under the control of a tetracycline-regulatable elastase promoter, which allowed for inducible expression of mutant K-ras in the acinar cells. Induction of mutant K-ras shortly before birth led to the development of acinar to ductal metaplasia, the formation of mPanINs, and progression toward invasive PDAC. Interestingly, induction of K-ras G12V in adult mice failed to induce malignant transformation. Additional pancreatic injury in the form of cerulein administration restored the ability of elastase-expressing cells to initiate pancreatic cancer in adult mice. 30 Subsequent studies by Gidekel Friedlander et al 58 and Morris et al 59 extended our understanding of the plasticity of differentiated pancreatic cells in the setting of K-ras mutation and additional tissue injury in the adult. Most recently, studies focusing on the malignant potential of nestin-positive cells or Sox9 positive cells have focused attention on these rare cell types within the adult pancreas. 60Y63 However, all of these studies have been plagued by the technical limitations of current transgenic and cre-lox technologies; the low-level expression of Cre in rare (and therefore hard-todetect) cells of the adult pancreas could lead to mistaken interpretations. For example, low-level leakiness of several transgenic cre lines has been found in ''centroacinar cells,'' a putative progenitor cell type found in the adult pancreas. These poorly characterized Hes1-expressing cells lie at the junction between acinar cells and the terminal ductal epithelium, and some studies have presented evidence for malignant transformation from the centroacinar compartment. 50, 64, 65 However, specific expression of mutant K-ras in adult centroacinar cells using inducible Cre-lox technology has not been reported to date. Resident tissue stem cells are attractive candidates for cancer-initiating cells in the adult. Whereas bone fide stem cells have been identified through Cre-mediated lineage tracing for a number of tissues with rapid turnover (such as the skin, intestine, etc), pancreatic stem cells have not been as clearly defined. 66, 67 Taken together, GEMMs have suggested many candidates for the cell of origin of PDAC but have failed to provide a conclusive determination.
THE ROLE OF STROMAL DESMOPLASIA
Unlike cell lines, organotypic cell cultures, or even xenograft systems, GEMMs can fully recapitulate the complex relationship of neoplastic epithelial cells with their microenvironment. Desmoplastic stroma production is driven through a variety of cancer cellYderived pathways, including TGF-A, as well as epidermal, hepatocyte, fibroblast, and insulin-like growth factors. 5 These pathways and others engage with the various cell types that comprise the stroma, including leukocytes, endothelial cells, neuronal cells, and a variety of different types of fibroblasts. Although some of these components have previously been studied using transplantation models such as xenografts, the stroma in such tumors does not closely reflect the biology or histopathology of human PDAC. In contrast, the GEMMs described above have enabled for the first time the study of a physiologically accurate autochthonous tumor in an immune-competent setting. It has long been appreciated from histological studies of human PDAC that neoplastic epithelial cells are minority cell types within the tumor mass. Careful flow cytometry analysis of fresh PDACs from the KPC model revealed that nearly half the cells in KPC tumors are leukocytes, with a particularly large number of myeloid-derived suppressor cells (MDSCs). 68 These cells help to mediate the profoundly immunosuppressive microenvironment that enables ductal pancreatic tumors to escape the notice of the immune system. One of the underlying molecular signals that drives this process was recently illuminated in a pair of seminal articles from the groups of Dafna Bar-Sagi 69 and Robert Vonderheide. 70 Using complementary approaches, both teams found that activation of K-ras G12D expression results in up-regulation of the cytokine granulocyte macrophage colonystimulating factor, which signals to immature myeloid progenitor cells and promotes their activation into MDSCs. Notably, antiYgranulocyte macrophage colony-stimulating factor antibodies were effective at blocking the accumulation of MDSCs in the tumor stroma, thereby enabling CD8 + T cells to inhibit tumor growth. Both studies relied on GEMMs of pancreatic cancer or cells derived from them. Another aspect of the stroma that came to be appreciated through work in GEMMs is the role of the tumor vasculature. It has become canon that angiogenesis is a mandatory process during tumor progression. However, work in the KPC model brought attention to PDAC as an intriguing counter example. 71 In studying the nature of primary chemoresistance, our group used both in vivo imaging studies and ex vivo microscopy and pharmacology techniques to demonstrate that pancreatic tumors are poorly perfused, because of a paucity of functional blood vessels. Indeed, radiologists have long diagnosed PDAC based on the observation of a ''hypoenhancing mass'' in the pancreas. The fact that numerous different contrast agents are unable to access the tumor should be considered in trying to understand why therapeutic agents, such as genotoxic chemotherapies, are so rarely effective in this disease. This effect appears to be mediated by other components of the desmoplastic stroma.
Another important mediator of desmoplasia is the sonic hedgehog pathway. During development, this pathway coordinates the growth of epithelial and stromal cells in numerous organ systems. In PDAC, this system has been co-opted to promote stromal desmoplasia. Overexpression and secretion of the sonic hedgehog ligand are a common feature in neoplastic epithelial cells of PDAC. 72 However, downstream signaling is restricted to nearby stromal cells, forming a paracrine axis that drives the proliferation of stromal cells. 45,73Y75 The delineation of this pathway has led to the preclinical and clinical investigation of inhibitors of the hedgehog pathway in PDAC (see below).
Genetically engineered mouse models have also been useful in understanding the role of another developmental morphogen system in PDAC, the Notch pathway. Notch signaling plays is major role in the development of the normal pancreas 76 but is largely inactive in the adult pancreas; expression of the downstream target Hes1 is restricted solely to centroacinar cells, a putative adult stem cell. 77 During tumorigenesis, the pathway is altered and up-regulated. There are many different Notch ligands and receptors, some of which are expressed in the epithelium and others in various stromal cell types. 78 Thus, the notch pathway may mediate multidirectional communication between various cell types within the tumor.
By providing ready access to intact ductal pancreatic tumors that harbor all of the cell types observed in human PDAC, GEMMs have made it possible to study the complex signals that mediate cellular interactions within the stroma. Undoubtedly, other paracrine signals exist in PDAC that will fill in our understanding of the role of the pancreatic tumor stroma. However, the pathways identified to date provide intriguing targets for therapeutic intervention, some of which are already beginning to be explored both preclinically and clinically.
THE USE OF GEM MODELS IN PRECLINICAL STUDIES
The development of GEMMs bearing a strong histopathologic resemblance to human PDA opened the door to translational studies, with 2 goals: (a) to determine which drugs should progress (or not) to clinical trials in humans and (b) to provide mechanistic insight into the response (or resistance) of pancreatic tumors to treatment. One initial barrier was the need for a facile technique for monitoring tumor growth in GEMMs. The broad survival curve of the KPC model and others with the most accurate histopathology precluded the use of age-based enrollment studies, because most of these animals will not harbor a tumor at any given time point. Our group has utilized high-resolution 3-dimensional ultrasound as a means to monitor and quantify tumor volumes in mice with in situ pancreatic tumors. 71, 79 By using image-based enrollment criteria, one can perform intervention survival studies akin to those performed in clinical trials that measure the overall survival of patients from the time of enrollment.
A critical question at the outset was whether GEMMs of PDA would better predict drug efficacy than existing xenograft models. This question was addressed in a side-by-side comparison of the response of several types of models to treatment with gemcitabine, the national standard-of-care therapy at the time. Reassuringly, the KPC model was found to be resistant to treatment with gemcitabine monotherapy, with only 12% of tumors demonstrating even a transient decrease in tumor volume. In contrast, human xenografts as well as mouse syngeneic models (i.e., tumor cells from the KPC model implanted orthotopically into littermate mice with an intact immune system) were both found to have a significant cytostatic response to gemcitabine treatment. 71 The response of a related model (K-ras LSL.G12D/+ , Ink4/Arf F/F , PdxCre) was shown to accurately recapitulate that of human patients treated with either inhibitors of EGFR or vascular endothelial growth factor (VEGF). 80 The delineation of paracrine signaling axes in PDAC has prompted the investigation of several drugs that target these pathways. IPI-926, an inhibitor of the hedgehog pathway effector Smoothened, was evaluated in the KPC model. Alone, the agent had no effect on tumor growth, but did result in a depletion of stroma from the tumor. When combined with gemcitabine treatment, IPI-926 improved the delivery of this and other chemotherapeutic agents, prolonged the overall survival of the animals, and decreased the incidence of liver metastases. However, the translation of Smoothened inhibitors as a therapy for PDAC has met with some problems in early clinical trials. A thorough analysis of these data will be crucial for our understanding of how GEMMs can best be used for preclinical studies and how to best translate the preclinical findings of GEMMS into clinical trials.
Several other approaches have been taken to targeting the stroma of ductal pancreatic tumors. Cook et al 79 explored the use of MRK003 (Merck), a F-secretase inhibitor, as a means to inhibit Notch pathway signaling. F-Secretase is necessary for proteolytic processing of the Notch receptor during pathway activation. Administration of MRK003 to KPC mice effectively inhibited Notch signaling and, in combination with gemcitabine, led to a significant improvement of overall survival of KPC mice. Importantly, the authors were able to identify the underlying mechanism of action as being mediated by the effect of Notch inhibition on the tumor vasculature, highlighting one of the principle strengths GEMMs in preparing for clinical trials.
Two groups decided to use a modified hyaluronidase (PEGPH20, Halozyme) to target the extracellular matrix of pancreatic tumors directly in the KPC model. 81, 82 This agent, which is now being evaluated in a phase IB/II clinical trial in combination with gemcitabine, quickly reduces the interstitial fluid pressure of pancreatic tumors and alters the structure of the tumor vasculature, thereby facilitating the delivery of gemcitabine. KPC mice treated with PEGPH20 plus gemcitabine lived about twice as long as those treated with gemcitabine plus vehicle.
Another way that GEMMs can be utilized is to clarify the mechanistic basis of drug activity. Frese et al 83 combined nanoparticle albumin-bound (nab)-paclitaxel (Abraxane, Celgene) and gemcitabine. Earlier studies had suggested that nab-paclitaxel, being sequestered in stroma-rich cancers through binding to secreted protein, being acidic and rich in cysteine (SPARC), leads to stromal breakdown and improved response to therapy. 83, 84 These earlier studies led to an investigator-initiated phase II clinical trial in metastatic PDAC that demonstrated favorable effects on overall survival. 84 Although the argument for a stromal effect of nab-paclitaxel was quite compelling, using GEMMs, Frese et al 83 elegantly demonstrated that nab-paclitaxel improved overall survival by altering the metabolism of gemcitabine rather than improving drug delivery through decreased stromal density.
Finally, GEMMs of PDA have begun to be utilized in the evaluation of novel immunotherapies. In one of the first examples of a coYclinical trial using GEMMs, Vonderheide and colleagues performed a phase I study of the CD40 agonist CP-870Y893 (Pfizer) in combination with gemcitabine in patients with metastatic PDAC. 85 The preclinical rationale for this trial was based on data from xenograft models and was premised on the idea that activation of CD40 would reverse the immune suppression of T cells, enabling them to attack the tumor. Although a number of patients exhibited partial responses to treatment, analysis of clinical samples did not support a T-cellY mediated mechanism. In response, the authors revisited the original premise using the KPC model to better understand the underlying mechanism. Responses to treatment with CP-870Y893 plus gemcitabine were also observed in the KPC model but were dependent on the activation of tumoricidal macrophages rather than T cells. Subsequent reevaluation of the clinical samples was consistent with this new mechanism, and phase II studies are now being planned.
The preclinical studies presented here are summarized in Table 2 . Notably, all of these studies have been reported in the past 3 years, bearing witness to the explosion of preclinical research using GEMMs of PDAC. Already, these studies have helped guide the clinical development of novel therapeutics and also provided fundamental insights into the molecular biology of pancreatic tumors as they respond to treatment. We anticipate many more preclinical efforts in 
LIMITATIONS OF CURRENT GEMMS AND FUTURE DIRECTIONS
The last decade has seen tremendous progress in the development and experimental interrogation of GEMMs of pancreatic cancer, leading to greater knowledge and new translational approaches in pancreatic cancer. These models have seen continuous improvement from the refinement of existing approaches, the meticulous combination of different strains into ever-more complicated combinations, and through the engineering of creative new technologies. Nevertheless, current murine pancreatic cancer models have some shortcomings. For example, although desmoplastic stroma arises in some GEMMs of PDAC, it never develops to the extreme levels seen in some human pancreatic tumors. This may just be a function of kinetics because mouse tumors have a few weeks or months to develop, whereas human tumors have years. Nonetheless, this reflects a difference that may have significant impact on the biology and response to therapy of these models.
As with all mouse models of cancer, tumor kinetics remains an issue. To be useful for scientific study, one requires a model that develops cancer reasonably quickly. To achieve this, the system is equipped with a large number of mutations in a significant number of cells. It is unclear how much is lost to this drive for ''usability,'' but evidence from numerous models suggests that the tumors that develop most quickly often bear the poorest resemblance to the human disease. Thus, tumors with homozygous deletion/mutation of p53 or cdkn2a in addition to K-ras G12D largely develop pancreatic tumors with a sarcomatoid or poorly differentiated histopathology. How to finely balance the competing needs for usability and fidelity will be a constant concern, particularly in the setting of preclinical therapeutics studies.
Another difference pertains to the order of acquisition of genetic alterations during tumor development. Although human pancreatic cancer is thought to arise through a stepwise progression beginning with the activation of oncogenes followed by inactivation of tumor suppressors, current mouse models combine both genetic insults at the same time. The use of alternative recombinase systems (such as Flp/frt 90 or Dre/ rox 91 ) in combination with Cre/lox will enable the phased induction of successive mutations. In addition, these complementary recombinase systems could be used to separately target different cell types within the tumor.
Another area of refinement is the design of the Cre strains used to activate targeted alleles in the pancreas. Most current models use embryonic pancreatic promoters to drive Cre expression; the mutation of the entire pancreatic anlage might cause a significant field effect throughout the pancreas. A related issue arises with all alleles that harbor an LSL cassette, including K-ras LSL.G12D and p53 R172H . Because these alleles are phenotypically null before recombination, all of the nonrecombined cells in the animal are heterozygous knockouts for these alleles. Thus, in the KPC model, all of the stromal cells are phenotypically K-ras +/j ; p53 +/j . There has been no careful investigation reported on the potential for nonYcell autonomous haploinsufficiency to impact tumor development or pathology. Ideally, models that switch from wild-type to point mutant upon activation will be engineered in the future.
There is a continued need for new alleles that will foster our ability to study current models. An imaging reporter strain that can identify the presence of overt carcinomas in a mouse (without marking PanINs) would be invaluable for nearly all types of basic and preclinical studies. Models with biochemically tagged alleles of relevant proteins (such as K-ras) knocked into the endogenous locus would revolutionize the in vivo study of protein biochemistry. Certain molecular systems, such as glycosylation pathways, drug metabolisms, and immunology, diverge significantly between human and mouse; the engineering of humanized versions of these systems might improve the predictive utility of GEMMs for preclinical studies in addition to providing new basic insights into PDAC biology.
Finally, rapid systems for evaluating candidate gene function in vivo remain a significant challenge. The current approach of crossing individually targeted strains into existing multiallele models is tedious, expensive, and ultimately limiting in its capacity. One new approach was developed by Dieter Sauer and colleagues, who made use of RCAS-mediated retroviral gene transfer to knock down or overexpress target genes in cells that express the retroviral receptor TVA. 92, 93 By restricting the expression of TVA with an LSL cassette, retroviral infection can be limited to those cells that express Cre. This system can therefore be used to target the neoplastic cells of many of the GEMM systems described above. This and other new approaches, such as the ''speedy mouse'' system developed by Heyer and colleagues, 94 have yielded significant time savings from optimization of the process, but ultimately entirely new systems for manipulating gene expression in vivo will be desirable to further expedite the study of gene function in vivo. Given the dramatic strides taken in the past decade of development of GEMMs of ductal pancreatic cancer, we are excited to see where these new approaches (and others not yet conceived) will lead us in the coming decade.
